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1 Introduction
Obliquity (a scalar) or spin vector is a fundamental property of all celestial
bodies. In the Solar System, spin vectors directly influence the efficiency in
which the Yarkovsky and YORP effects (i.e. thermal radiation forces and
torques) change the orbital and rotational properties of minor planets (Ru-
bincam, 2000; Bottke et al., 2006; Vokrouhlicky et al, 2015). The Yarkovsky
effect plays a key role in the dynamical transport of small asteroids from the
Main Belt into the near-Earth population (Farinella & Vokrouhlicky´, 1999).
The YORP effect directly influences rotation state and is frequently invoked
to explain the formation of binary and multiple asteroid systems through rota-
tional fission or mass shedding (Margot et al., 2002; Scheeres, 2007; Walsh et
al., 2008; Pravec et al., 2010; Jacobson & Scheeres, 2011). Furthermore, spin
states are a direct consequence of asteroid-asteroid impacts and thus trace
collisional environments across dynamical populations (Paolicchi et al, 2002).
Despite the importance of spin vectors, only a few hundred out of three quar-
ters of a million known asteroids have constrained pole orientations. This is
a direct consequence of the many years or even decades required to constrain
spin vectors through astrometric or photometric observations (e.g. Kaasalainen
et al., 2002; Slivan, 2002; Lowry et al., 2007; Nugent et al., 2012). Analyses
across shorter temporal baselines often suffer from retrograde-prograde degen-
eracies. Doppler delay radar imaging can determine shape and pole solutions,
but requires sufficient sky motion during the observing window and is limited
to the closest near-Earth and largest Main Belt asteroids (Ostro et al, 2002).
Here we focus on an alternate technique for constraining spin orientation,
namely by monitoring thermal emission as a function of solar phase angle.
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This technique does not solve for the obliquity or specific spin vector, but
can constrain retrograde versus prograde spin orientation. Measuring thermal
emission from a body at multiple viewing geometries on either side of oppo-
sition can reveal differences in local morning versus afternoon temperature
distributions across the surface of an asteroid (Figure 1). The rotational sense
of the body directly influences the local time and temperature distribution
on the asteroid surface as perceived from Earth, particularly when observing
at geometries of high phase angle. This afternoon-morning temperature di-
chotomy can observationally manifest as a difference in thermal emission. For
the case depicted in Figure 1, preferential viewing of the “cold” hemisphere
before opposition and the “warm” hemisphere afterwards would be reversed if
this object were in retrograde rotation. Therefore, variations in thermal flux on
either side of opposition can serve to constrain pole orientation. Thermal ob-
servations across a range of phase angles is a standard method for determining
asteroid thermal inertia (Delbo et al, 2015).
This technique, originally described (Matson, 1971) and pioneered in the
1970’s, has not been widely used to constrain pole orientation, but has seen
some success. Morrison (1976) confirmed that the near-Earth asteroid 433
Eros is in a prograde rotation state based on enhanced 10- and 20-µm ther-
mal emission prior to opposition, consistent with preferential viewing of local
afternoon. Even though Eros’ pole only points 11◦ above the ecliptic (Zuber et
al., 2000) its moderate orbital inclination (10.8◦) and observations by Morrison
(1976) at moderate to high solar phase angles (-41◦, -24◦, and +42◦) ensured
that the afternoon and morning sides of Eros were preferentially viewed prior
to and after opposition respectively. Morrison (1977) and Hansen (1977) ex-
tended this technique to several large Main Belt asteroids. They were able
to correctly predict prograde rotation for 1 Ceres (Johnson et al., 1983), 4
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Fig. 1. Schematic of the opposition (W) centered orbital longitude of 1998 QE2
during its 2013 apparition. The dates and corresponding solar phase angles (α,
signed relative to opposition) are indicated for each of our observations. The as-
teroid cartoons are shaded to indicate illumination (black = nighttime hemisphere)
and surface temperate distribution for a body with finite thermal inertia (blue =
cold, red = hot). The predicted prograde rotation of the asteroid (Springmann et
al., 2014) is indicated by the black arrows. The cartoons of the asteroid at maximal
phase angles (+71◦ and −39◦) are larger to emphasize the preferential viewing of
cooler morning temperatures prior to opposition and warmer afternoon tempera-
tures post-opposition. Note the phase angle actually decreased after the June 15
observation. Earth image credit: NASA/GSFC.
Vesta (Gehrels, 1967) and 19 Fortuna (Torppa et al., 2003), and a retrograde
state for 10 Hygeia (Kaasalainen et al., 2002). However they did not cor-
rectly predict the retrograde rotation of 2 Pallas (Torppa et al., 2003; Carry
et al., 2010). There are likely several reasons for this. First, the prediction
for Pallas was tenuous anyways due to it having the fewest observations of
the objects under investigation. Second, the standard thermal model used to
derive physical properties (including pole orientation) assumed non-rotating
spherical bodies. Third, the range of accessible phase angles for objects in the
Main Belt is limited relative to near-Earth objects. Finally, the possibility of
low surface thermal inertia for large (> 100 km) asteroids (e.g. Delbo et al,
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2015) acts to dampen morning-afternoon temperature gradients. In light of
these issues, it is impressive that these early investigations resulted in mean-
ingful constraints on the rotation states of any of the targeted asteroids. Since
these initial studies, the use of a morning-afternoon temperature dichotomy
to inform pole orientation has only been discussed and applied in a few cases
(e.g. Lebofsky et al., 1986; Harris et al., 2007; Muller et al., 2012). Note that
this method is not sensitive to objects with poles aligned near to the line of
sight, nor does it provide a measure of the object obliquity, instead it simply
provides a means to constrain a prograde versus retrograde spin state.
Traditionally, the measurement of asteroid thermal emission and subsequent
modeling of physical properties has relied on mid-infrared (3-25 µm) photome-
try. An asteroid thermo-physical model called SHERMAN has been developed
for application to airless bodies of arbitrary shape and has primarily been ap-
plied to (though is not restricted to) observations at wavelengths between 2.5
- 4.0 µm (Howell et al., 2015). However, low albedo (< 10%) asteroids at
small heliocentric distances (< 1.2 AU) have high enough surface tempera-
tures that the Wien tail of their thermal emission profiles can be detected at
near-infrared wavelengths (0.8 - 2.5 µm). At such short wavelengths the mea-
sured signal is a combination of solar reflectance and thermal emission. This
thermal excess or thermal tail can be modeled to retrieve surface temperature
and albedo (Rivkin et al., 2005; Reddy et al., 2009, 2012). However, models
of this excess from normalized reflectance spectra are not directly sensitive to
diameter because such data are not flux calibrated.
Here we present case studies of the near-Earth asteroids (285263) 1998 QE2
(§3) and (175706) 1996 FG3 (§4) based on observations during apparitions
favorable to the detection of phase-dependent thermal variability. This analysis
7
represents the first systematic study of thermal variability in the near-IR K-
band as a function of phase angle.
2 Observations and Thermal Modeling
Both 1998 QE2 and 1996 FG3 have low geometric albedos of about 3% and
4% respectively (Trilling et al., 2010; Wolters et al., 2011), and thus display
significant thermal emission in the near-infrared when they are at heliocentric
distances of ∼ 1 AU. We present near-infrared spectra of 1998 QE2 taken
between May and July of 2013 and of 1996 FG3 taken during apparitions
in 2009 and 2011 (Tables 1 and 2). All data analyzed here were obtained
with SpeX at NASA’s Infrared Telescope Facility, which was configured in its
low resolution (R ∼ 100) prism mode with a 0.8” slit (Rayner et al., 2003).
All observations were conducted with the telescope operating in a standard
ABBA nod pattern. Commonly-used solar analogs (DeMeo et al., 2009) were
observed to correct for telluric absorption and to remove the solar contribution
from the measured reflectance. Reduction protocols followed Moskovitz et al.
(2013) and DeMeo et al. (2009).
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Observation Date V r ∆ α η3% η6% η1%
(UT) [mag] [AU] [AU] [deg]
2013 May 11 15.4 1.045 0.129 +71.0 1.56 ± 0.05 1.29 2.03
2013 May 30 11.8 1.047 0.040 +34.0 1.18 ± 0.02 0.97 1.57
2013 June 2 11.4 1.052 0.040 +17.9 1.08 ± 0.03 0.89 1.45
2013 June 8 12.7 1.067 0.061 -30.4 1.11 ± 0.02 0.91 1.48
2013 June 15 14.0 1.091 0.099 -38.8 1.16 ± 0.03 0.95 1.54
2013 July 5 15.9 1.189 0.223 -35.9 1.10 ± 0.03 0.91 1.45
Table 1
Summary of (285263) 1998 QE2 observations and best-fit NEATM thermal beaming
parameter (η) values for the full range of possible albedos from 1-6%.
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We model the thermal tails of our targets with the near-Earth asteroid thermal
model (NEATM; Harris, 1998). A number of parameters go into this model
including slope parameter (G), visible to near-IR reflectance ratio (0.55 µm
/ 2.5 µm), emissivity, and the coupled parameters geometric albedo (pV ), di-
ameter, and absolute magnitude (H). The NEATM assumes that the asteroid
is spherical and that the hottest point on the surface is the sub-solar point
(i.e. the surface is in instantaneous equilibrium with the incident solar flux).
The NEATM thermal beaming parameter η compensates for a lack of ex-
plicit treatment of thermophysical properties like thermal inertia and surface
roughness. In the NEATM, η is inversely proportional to temperature to the
fourth power 2 and thus can indicate whether the measured thermal emission
is higher or lower than expected from an idealized, smooth surface with zero
thermal inertia at zero phase angle. Previous application of the NEATM to
multi-epoch observations has successfully produced results that are broadly
consistent with those from more sophisticated thermophysical models (e.g.
Mueller et al., 2006; Harris et al., 2007; Delbo et al, 2015).
Delbo (2004) presented a comprehensive suite of NEATM models that quanti-
tatively describe thermal variability as a function of solar phase angle as well
as other physical parameters. These models suggest several possible caveats
to the detectability of aspect-dependent thermal variability.
(1) The dimensionless thermal parameter Θ (Spencer et al., 1989) quanti-
fies the ratio of radiative to rotational timescales, and is a function of
spin period, thermal inertia (Γ), and subsolar temperature as dictated
by heliocentric distance. Though the smallest near-Earth asteroids can
spin rapidly, the vast majority of NEAs with sizes bigger than about 200
2 Technically, in NEATM formalism ηT 4SS is a constant, where TSS is the sub-solar
equilibrium temperature on the surface of the asteroid.
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meters have rotation periods on the order of several hours (e.g. Polishook
et al., 2012). Thus, for typical NEA rotation periods and heliocentric dis-
tances (∼ 1 AU), a thermal inertia greater than about 200 in MKS units
(J m−2 s−0.5 K−1) ensures that heat deposited by solar insolation does
not radiate away so quickly as to prevent morning-afternoon tempera-
ture differences. The typical thermal inertia for asteroids with diameters
< 5km would be in that range (Delbo et al., 2007). While high thermal
inertia certainly facilitates a morning-afternoon temperature dichotomy,
thermally-constrained poles for several large Main Belt asteroids (Morri-
son, 1977; Hansen, 1977) suggests that either these early determinations
were simply lucky or that high thermal inertia is not an exclusive require-
ment.
(2) The asteroid must be observable across a wide range of solar phase angles,
particularly at phases in excess of ∼ 50◦. In general, such phase angle
ranges are only accessible for NEAs.
(3) If thermal emission is to be detected in the near-IR K-band, then the
object needs to be at a heliocentric distance inside of about 1 AU and
have an albedo < 10%.
(4) The asteroid should be observed during a single apparition to avoid sig-
nificant changes in viewing aspect that could occur across multi-epoch
observations.
Even though all of these properties were not necessarily known in advance for
QE2 and FG3, their low albedos and wide range of observable phase angles
made them good candidates for monitoring thermal variability in the near-IR
as a function of viewing aspect.
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3 Case Study: (285263) 1998 QE2
Radar observations of 1998 QE2 in 2013 revealed a diameter of approximately
3 km and a prograde rotation state with the pole pointing approximately 40◦
above the ecliptic 3 (Springmann et al., 2014). From the JPL Horizons system
the absolute magnitude of QE2 is H = 17.3, which is revised from a value
of H = 16.4 used in previous works (e.g. Trilling et al., 2010). An updated
analysis of warm Spitzer observations using this new H magnitude yields a
low albedo for QE2 of 3+3−2% (Trilling et al., 2016). We adopt H = 17.3, even
though it may be less accurate than the value of H = 16.98 measured by
Hicks et al. (2013), because it is fully consistent with the formal log-normal
albedo error bars as computed by Trilling et al. (2016). As we discuss below,
these are important for investigating systematic errors in our NEATM models
due to uncertainties on the input parrameters. Figure 1 depicts a schematic of
the opposition-centered orbital geometry of QE2 during its 2013 apparition.
To facilitate our analysis we employ a signed phase angle (α) based on the
geocentric ecliptic longitude of asteroid opposition, specifically α < 0◦ when
the asteroid’s ecliptic longitude minus the Sun’s ecliptic longitude is greater
than 180◦. The putative prograde rotation of QE2 suggests that prior to op-
position (α > 0◦) Earth-based observers would preferentially see the cooler
morning side of the asteroid, whereas post-opposition (α < 0◦) observations
would preferentially access the warmer afternoon side. Near-IR spectra of QE2
spanning opposition are shown in Figure 2.
A composite visible/near-infrared spectrum of QE2 is shown at the bottom
3 Incidentally these observations also discovered a small satellite roughly 750 meters
in size. Unless the satellite has a dramatically different albedo or thermal properties
relative to the primary, its contribution to the system’s measured flux should not
significantly influence any of the results presented here.
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Fig. 2. IRTF/SpeX spectra of 1998 QE2 taken in the months surrounding its oppo-
sition passage in mid 2013. The asteroid spectrum from July 5 also includes visible
data (0.4 - 0.8 µm) from Hicks et al. (2013). QE2 is taxonomically classified as a Ch–
type (DeMeo et al., 2009) and is a close spectral analog to the CM2 carbonaceous
chondrite Nagoya. The measured spectra are shown in grey, the NEATM-corrected
spectra with thermal tails removed are overplotted in black. Spectra have been
vertically offset for clarity.
of Figure 2. Due to the presence of a weak 0.7 µm absorption feature the
asteroid is best fit by a Ch-type taxonomy in the DeMeo et al. (2009) system.
Using the technique outlined in Moskovitz et al. (2013) we find that QE2 has a
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spectrum and albedo most closely matched to RELAB (Pieters, 1983) spectra
of carbonaceous chondrites. The CM2 Nagoya is a particularly good spectral
analog (Fig. 2). A potential link between Ch-asteroids and CM chondrites has
been noted previously (e.g. Burbine, 1998). This taxonomic classification is
consistent with the low Spitzer albedo.
The spectra in Figure 2 clearly show thermal emission long-wards of ∼ 2µm.
We model these thermal tails with the following NEATM parameters: geomet-
ric albedo pV = 3
+3
−2% (Trilling et al., 2016); slope parameter G = 0.086, equal
to the mean for C-complex asteroids (Warner et al., 2009); visible to near-
IR reflectance ratio = 1.11, measured from our combined visible and near-IR
spectral data (Fig. 2); absolute magnitude H = 17.3 from the JPL Horizons
system; and emissivity  = 0.9. These values are either consistent with obser-
vations of QE2 or are typical for objects like QE2, and are held constant for
all of the modeling conducted here. Again we adopt H from JPL as opposed
to Hicks et al. (2013) so that we can propogate the albedo error bars from
Trilling et al. (2016) who also used the JPL value.
With each of these parameters held fixed, the beaming parameter η is left as
a free parameter. We vary η to best remove the thermal tails from the spectra
in Figure 2. The best fit η for each spectrum is determined by minimizing the
error-weighted RMS residual between the thermally corrected spectrum and
a linear fit to the data between 1.9 and 2.49 µm. This approach thus requires
three free parameters: η and the two parameters associated with the linear fit.
Uncertainties on the fitted η values reflecting the signal-to-noise of the data
(i.e. statistical errors) are conservatively determined by bracketing the range
of η values that clearly over- or under-compensate the thermal emission. These
uncertainties are somewhat subjective but do correspond to deviations from
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the best fit by approximately one-sigma as dictated by the noise level in the
spectral data. Best-fit η values and signal-to-noise related uncertainties are
given in Table 1 for the nominal assumed albedo of 3%. A similar approach
to modeling of near-IR spectra and estimating uncertainties on the model
parameters has been employed elsewhere (e.g. Rivkin et al., 2005; Reddy et
al., 2012).
We further investigate uncertainty on η by considering systematic errors on
the NEATM input parameters which would produce an overall offset to the
best-fit η values. The assumed albedo is the dominant source of systematic
uncertainty in η, which for QE2 ranges from 1-6% (Trilling et al., 2016). We
fit η assuming these extreme values and include those additional fits in Table
1. The uncertain albedo for QE2 results in large systematic errors (∼ 50%) in
the absolute η values. However, any change in the albedo from the nominal 3%
affects all η values in the same way (increase or decrease) and by approximately
the same amount. The assumed value of G = 0.086 also represents a potential
source of systematic error. However, considering a wide range of G values from
-0.1 to +0.15 results in η fits that span less than half the range produced by
considering the full extent of possible albedos. In other words the systematic
errors induced by uncertain G are approximately 20% on the best fit η values.
The NEATM results for QE2 are shown in Figure 3. An asymmetric trajectory
in this η − α parameter space can indicate physical properties such as sense
of rotation or thermal inertia, however the use of NEATM to diagnose these
physical traits must be treated with caution due to known systematic errors
inherent to NEATM (Wolters & Green, 2009) and known correlations between
η and α (Delbo et al., 2003; Wolters et al., 2008; Masiero et al., 2011). Never-
theless, the results in Figure 3 are suggestive that a small number of carefully
16
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Fig. 3. NEATM η as a function of solar phase angle, α, for 1998 QE2 during its
2013 apparition. As QE2 moved through opposition it tracks from the upper right
corner to the lower left of this η − α space (black circles). NEATM models for
asteroids with prograde rotation, surface roughness θ¯ = 36◦, and thermal inertia
(Γ) of 200 and 400 in MKS units are over-plotted as the solid and dashed grey lines
respectively (Delbo, 2004). For a prograde rotator the predicted η − α relationship
is asymmetric with higher η (lower morning temperatures) at positive phase angles
and lower η (higher afternoon temperatures) at negative phase angles. The curves
for retrograde rotators would be flipped about α = 0◦. Statistical errors based on
the signal-to-noise of our data are in black, while systematic error bars accounting
for uncertainty in albedo are shown in grey.
timed observations in the near-infrared, particularly at phase angles > 50◦,
could be used to constrain physical properties of small NEAs. Unfortunately
the lack of repeat observations of QE2 at high phase angles means that the
results for this specific object are tenuously hinged to the single May 11 data
point.
In consideration of this technique, we compare our QE2 results to model curves
extracted from Delbo (2004). Specifically, we compare our η values to a suite
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of models that correspond to bodies with a macroscopic surface roughness
parameter θ¯ = 36◦. This particular value was selected as an intermediate
case in the range of models presented by Delbo (2004) and is consistent with
expected roughness parameters from more sophisticated photometric models
of other well studied asteroids (e.g. Delbo & Tanga, 2009). The assumption of
this particular roughness does not significantly influence the results presented
here. If we were to adopt other roughness values (10◦, 20◦, 58◦) then the curves
in Figure 3 would shift by no more than ∼ 10 − 20%. More specifically, the
afternoon-side curves (α < 0◦) remain largely unchanged across all roughness
values, whereas the morning-side (α > 0◦) curves either get steeper by ∼ 20%
for the largest roughness or shallower by ∼ 10% for the smallest roughness
value.
As seen in Figure 3, the large η prior to opposition (May 11) suggests a cooler
relative surface temperature, consistent with (though not uniquely diagnos-
tic of) viewing of local morning on the asteroid surface and hence prograde
rotation. Furthermore, the η values and magnitude of the η-enhancement at
high positive phase angles are consistent with models for a prograde rotator
with thermal inertial Γ ∼ 200 − 400 (Delbo, 2004). Interestingly, a thermal
inertia around 200 is the expectation for a ∼ 3-km asteroid like QE2 (Delbo
et al, 2015). Again, the assumption of surface roughness = 36◦ does not signif-
icantly affect the rough fit to our data by theoretical curves corresponding to
thermal inertia values around 200-400. For the full range of roughness values
considered by Delbo (2004), a thermal inertia of 50 is too low to produce large
variations in η, and thermal inertia of 900 results in values of η that are much
larger than those retrieved from our data. The systematic uncertainty in our
η values due to the range of possible albedos could shift the points in Figure
3 up or down by several tens of percent, however the general result that the
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data are indicative of a thermal inertia of a few hundred would still hold. Fur-
thermore, the relative orientation and increase at high positive phase angle of
the η − α points in Figure 3 would be preserved.
4 Case Study: (175706) 1996 FG3
The NEA 1996 FG3 is also a binary system (Pravec & Harris, 2000) with a
primary about 1.7 km in size (Wolters et al., 2011; Mueller et al., 2011; Walsh
et al., 2012; Yu et al., 2014), a spacecraft accessible orbit (i.e. ∆v = 6.6 km/s),
and a putative primitive composition (Binzel et al., 2001; de Leon et al., 2011;
Walsh et al., 2012; de Leon et al., 2013). FG3’s satellite is roughly 450 meters
in size (Yu et al., 2014) and is in a tidaly-locked retrograde orbit (Benner et
al., 2012; Scheirich et al., 2015), which suggests that the primary is also in
a retrograde spin state. Again, the satellite is unlikely to have a significant
influence on the system’s thermal flux unless it has a dramatically different
albedo or thermal properties relative to the primary. A low albedo around
4% (Wolters et al., 2011) makes FG3 another ideal object for monitoring
thermal variability in the near-IR. As with QE2, the flux contribution from the
small satellite should not have a significant effect on any of the measurements
presented here.
Numerous near-IR spectra of FG3 have been obtained during apparitions in
2009 and 2011 (de Leon et al., 2011; Walsh et al., 2012; de Leon et al., 2013).
We analyze four individual spectra from these apparitions (Table 2; Figure 4).
These spectra can be qualitatively divided into two groups: in 2009 the spectra
have a neutral spectral slope and minimal thermal excess, whereas in 2011 the
spectra show a pronounced red spectral slope and clear thermal emission.
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Additional near-IR spectra not analyzed here (de Leon et al., 2011; Rivkin
et al., 2012) are consistent with this qualitative description. Taxonomically
(DeMeo et al., 2009), the 2009 data suggest that FG3 is a member of the
C-complex while the 2011 data suggest membership in the X-complex. The
repeatability of these spectra on different nights in each of the 2009 and 2011
epochs suggests that this variability is real and not an observational artifact.
We have compared the timing of these observations to predictions for mutual
events (P. Scheirich, private communication). Those predictions are included
in Table 2. In short, the occurrence of mutual events does not seem to have
any major influence on the spectral data, which is not surprising considering
the significant size difference between the primary and secondary. The two
spectra that differ the most, i.e. the 2009 April 27 and 2011 December 1 data,
were both obtained when the secondary was occulted by the primary. Further-
more, within each epoch the pairs of spectra were obtained during different
system configurations, again suggesting that the secondary had little optical
and thermal influence on the measurements. It is worth noting however that
occultation of the primary by the secondary, particular if the secondary shad-
ows the hottest region on the primary’s surface, could have significant thermal
implications. This occultation would lead to reduced thermal emission and a
correspondingly elevated η. The only data analyzed here that corresponded
to occultation of the primary were from 2011 December 30. This data point
is further discussed below.
As with 1998 QE2 (§3) we model the thermal tails with the NEATM. The
following parameters are employed: geometric albedo pV = 3.9± 1.2% (Walsh
et al., 2012); absolute magnitude H = 17.76± 0.03 and slope parameter G =
−0.07±0.02 as measured by Pravec et al. (2006); visible to near-IR reflectance
20
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Fig. 4. Reflectance spectra of 1996 FG3 (grey lines), offset for clarity. In general
the data from 2009 display a neutral spectral slope and limited thermal emission,
whereas the data from 2011 show a red spectral slope and pronounced thermal
emission. Visible data from Binzel et al. (2001) have been appended to the bottom
spectrum. NEATM corrected spectra are over-plotted in black.
ratio ranging from 0.9-1.2 as measured from our combined visible and near-IR
spectra; and emissivity  = 0.9. These values are held constant for all of the
FG3 models and again η is left as a free parameter in the NEATM fits. Our
NEATM results for FG3 are shown in Figure 5. As with QE2 we compute error
bars on the derived η values that account for uncertainty due to the signal-to-
noise of the data and we compute systematic offsets in η attributable to the
range of possible albedos for FG3 (Walsh et al., 2012). Again the uncertainty
on albedo is the dominant source of error for these models. Previous results
based on observations at longer wavelengths are also included in Figure 5; in
particular, NEATM η values from 2 − 4 µm spectral observations by Rivkin
et al. (2013) and thermal infrared (∼ 8− 20 µm) photometry by Walsh et al.
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(2012).
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Fig. 5. Top panel: The η − α relationship for 1996 FG3 based on 2009 (black) and
2011 (grey) observations. Filled circles are the data analyzed here (Figure 4). Statis-
tical errors based on the signal-to-noise of the data are shown in black, systematic
errors due to the range of possible albedos are in grey. Open circles are from Rivkin
et al. (2013) and the open triangle is from Walsh et al. (2012). NEATM models for
a retrograde rotator with thermal inertia (Γ) of 200 and 400 in MKS units, and
surface roughness θ¯ = 36◦ are over-plotted (Delbo, 2004). The curves for prograde
rotators would be flipped about α = 0◦. The 2011 data are broadly consistent with
the models for retrograde rotation, however the 2009 data are not. Bottom panel:
the geocentric ecliptic latitude of the asteroid at the time of each observation. The
discrepancy between the data and the models could be explained by a texturally
and spectrally heterogeneous surface revealed by the different viewing geometries,
i.e. preferential viewing of the southern hemisphere in 2011 and of the northern
hemisphere in 2009.
Unlike the η−α results for 1998 QE2, the fits in Figure 5 do not clearly follow
the NEATM predictions for a retrograde rotator. In fact the highest values
of η for FG3 correspond to viewing geometries that would have preferentially
viewed the afternoon hemisphere for a retrograde rotator. Our data thus sug-
gest that FG3 is in a prograde rotation state. This apparent contradiction is
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discussed in the following section. Values of Γ ∼ 200−400 most closely overlap
our data points and are broadly consistent, though higher by a factor of ∼ 2,
with other estimates for FG3’s surface (Wolters et al., 2011). Interestingly the
η value for December 30 is slightly higher than expected for a low phase angle
observation. As mentioned above this could be attributed to observation of the
system while the primary was occulted by the secondary. Modeling of this sce-
nario is beyond the scope of this work, and given the unexplained variability
in η for this object we do not pursue this idea any further.
5 Discussion
We have demonstrated the detection of phase dependent variations in ther-
mal beaming parameter for the NEAs (285263) 1998 QE2 and (175706) 1996
FG3. While such variability is not novel – correlations between phase angle
and η have been shown previously (e.g Delbo et al., 2003; Wolters et al., 2008;
Masiero et al., 2011) – this work represents the first systematic analysis of
such variability at near-IR wavelengths. Ultimately the goal of any such inves-
tigation would be to correlate actual physical properties with derived model
parameters. It is in this vein that we discuss the thermal variability seen for
QE2 and FG3.
As discussed above, the NEATM modeling of the QE2 data indicate a signifi-
cant increase in η at high positive phase angles (Figure 3). This is reasonably
well fit with models for a prograde pole orientation and a surface thermal
inertia of roughly 200-400 J m−2 s−0.5 K−1, properties which are consistent
with other observations (Springmann et al., 2014) and expectations for ob-
jects of this size (Delbo et al., 2007). It is unclear whether the pole, pointing
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at ecliptic latitude ∼ +40◦ is near enough to purely prograde to fully explain
the observed thermal effects as a function of solar phase angle.
While our QE2 results are suggestive that the thermal variability in the near-
IR is indicative of physical properties, a data point at large negative phase
angles (α < −50◦) would have helped to definitively determine whether the
apparent asymmetry in this η − α space is a signature of pole orientation or
simply a side effect of the NEATM method. The diagnostic importance of such
high phase angle measurements on both sides of opposition is an important
lesson for guiding future observational campaigns. In general, the models of
Delbo (2004) suggest that objects with Γ << 200 would not display significant
differences in η as a function of phase angle, however future targeting of low
albedo NEAs at near-IR wavelengths across a range of sizes are needed to test
this model prediction.
The interpretation of the FG3 data is less clear, which is perhaps unsurpris-
ing given the numerous previous attempts to understand its variability in
reflectance and thermal emission (de Leon et al., 2011; Binzel et al., 2012; de
Leon et al., 2013). We have built upon these previous works and show that
there are clear differences in η as a function of phase angle (Figure 5), and
that those differences are asymmetric about opposition. We argue that these
differences are not an artifact of any observational issues such as signal-to-
noise or data calibration. The 2009 data are of lower signal-to-noise relative
to the 2011 data and they do show the greatest offsets from model predictions
(Fig. 5), but there are no clear indicators of poor calibration. For example, the
near complete removal of any residual telluric absorption features around 2.0
µm suggests that the dispersion solution is good and that the atmosphere was
stable enough during those nights to enable removal of the telluric bands. Fur-
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thermore, there are no odd continuum or slope changes in the 2009 data that
might indicate use of a bad solar analog. Certainly, the repeatability of spec-
tral properties in each of the two epochs suggests that the spectral changes are
real. Furthermore, the results of Walsh et al. (2012) and Rivkin et al. (2013)
are in broad agreement with our NEATM η values (Fig. 5), thus providing
further support for a scenario in which spectral and thermal changes did oc-
cur. However, these detected changes, particularly the η − α relationship, are
not consistent with an expected retrograde spin state (Scheirich et al., 2015;
Yu et al., 2014). As such, we offer three possible explanations for why our
results may not be consistent with retrograde models, however in all three
cases additional data are needed to better understand the unusual spectral
and thermal behavior displayed by FG3.
First, the variability in the data could be a consequence of the known corre-
lation between η and phase angle in NEATM models (Spencer et al., 1989;
Wolters & Green, 2009; Reddy et al., 2012). Values of η derived from NEATM
reflect the observed surface temperature. At high phase angles surface rough-
ness causes increased shadowing and an apparent drop in surface temperature
(i.e. higher η). Such correlations are typically represented as linear fits to an
ensemble of data. Table 3 presents a compilation of coefficients based on linear
fits to various NEA data sets. Also included are fit parameters to the FG3 data
from the 2009 and 2011 apparitions with errors indicating 1σ uncertainties.
These linear fits are error weighted by the systematic uncertainties on each of
the η values. In comparison to the ensemble fits our FG3 values are all shifted
to higher η, i.e. larger intercepts, and shallower slopes. The η values from the
QE2 data are also slightly higher than the mean values from the studies repre-
sented in Table 3. Though it is not entirely correct to compare our two objects
to the diverse ensemble of properties (surface roughness, thermal inertia, mor-
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phology, size, spin vector) represented by the population studies in Table 3, it
is interesting to consider that these offsets may be due to currently unquanti-
fied differences in the η values returned from fitting near-IR data (< 2.5µm)
versus those obtained by fitting longer wavelength data (> 2.5µm). If this is
the case then our results provide insight into the magnitude of these offsets
– of order several 10’s of percent. However, our limited sample makes it diffi-
cult to determine whether this offset is simply a consequence of small number
statistics or due to phenomena not treated in the model such as wavelength
dependent emissivity.
Table 3
NEATM η − α linear-fit coefficients
Reference Intercept Slope
Delbo (2004) 0.92± 0.07 0.011± 0.002
Wolters et al. (2008) 0.91± 0.17 0.013± 0.004
Mainzer et al. (2011) 0.761± 0.009 0.00963± 0.00015
This work; FG3 from 2009 1.33± 0.12 0.005± 0.002
This work; FG3 from 2011 0.94± 0.01 −0.0047± 0.0005
A second explanation for the mismatch between our data and the retrograde
models is the unlikely possibility that FG3 is actually in a prograde state.
The analysis of light curve photometry strongly suggests that FG3’s satellite
is in a retrograde orbit (Scheirich et al., 2015) and the satellite seems to
be tidally locked (Benner et al., 2012). Attempts to model the spin pole of
the primary have most recently been inconclusive (Scheirich et al., 2015),
but previous analyses suggest a retrograde state (Yu et al., 2014). While a
retrograde satellite orbit and a prograde primary spin state seem unlikely
from the perspective of binary formation models involving YORP spin-up
and mass loss (e.g. Jacobson & Scheeres, 2011), the current ambiguity in
the interpretation of the lightcurve data leaves this as an open possibility.
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Future observations to unambiguously determine the primary spin state would
directly test this scenario.
Interestingly, the linear fits to our FG3 data are significantly different for
each of the two epochs of observation (Table 3). Furthermore, the reflectance
spectra of FG3 are distinctly different in each of the two epochs (Figure 4).
Perhaps the most interesting comparison to highlight these differences is be-
tween the 2009 April 27 and 2011 December 1 data. These data clearly fall into
the categories of neutral slope, low thermal emission in 2009, and red slope,
high thermal emission in 2011. However the heliocentric distance of FG3 was
almost identical on these two dates. The primary difference between these ob-
servations is viewing geometry: the solar phase angles are essentially ±50◦ on
either side of opposition (Table 2) and the sub-Earth latitudes on the surface
of the body were at their maximum separation amongst the data considered
here (Fig. 5).
This raises a third and ultimately testable interpretation of the FG3 results.
As shown in the bottom panel of Figure 5 the two epochs corresponded to
two different viewing aspects: in 2009 the asteroid was at negative ecliptic
latitude and thus observations preferentially viewed its northern hemisphere,
whereas in 2011 the asteroid was at positive ecliptic latitude and thus ob-
servations preferentially accessed its southern hemisphere. The variability in
optical and thermal properties could thus be suggestive of a heterogeneous
surface. The “top-shaped” morphology of FG3 with its pronounced equatorial
ridge (Benner et al., 2012; Yu et al., 2014) could serve to isolate the optical
and thermal influence of the northern and southern hemispheres and thus ac-
centuate surface heterogeneity even though the difference in viewing aspect
was only ∼ 20 − 30◦ across the two epochs. If the surface of FG3 is hetero-
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geneous, then we predict that the northern hemisphere would have optically
neutral reflectance properties and a higher relative albedo, which would lower
surface temperature and yield higher η. Conversely, the southern hemisphere
would have optically red reflectance properties and a lower relative albedo,
which would result in a higher relative surface temperature and correspond-
ingly lower η. FG3 will be a strong optical target in 2022 and will be at negative
ecliptic latitudes, thus providing a vantage of its northern hemisphere. Addi-
tional long term monitoring of this object may ultimately determine whether
its measured variability is due to a heterogeneous surface (de Leon et al., 2011,
2013) or some other physical effect (Binzel et al., 2012). Spectral heterogene-
ity is not commonly seen on asteroids, particularly for km-scale objects like
FG3, however near-IR observations of the 500-meter near-Earth object 101955
Bennu indicate variations in spectral slope that may be related to differences
in regolith grain size across the surface (Binzel et al., 2015).
In light of the uncertainty surrounding our FG3 results it remains unclear
whether physical properties like thermal inertia and pole orientation can be
robustly derived from NEATM modeling of thermal emission in K-band. The
highly non-uniform distribution of NEA obliquity, specifically a preference to-
ward purely retrograde states (La Spina et al., 2004), would suggest that this
technique should be well suited to detection of aspect-dependent thermal vari-
ability in the NEA population. Following on the work of Delbo (2004), new
models to quantify the detectability of thermal asymmetry as a function of
obliquity would provide new insight into the feasibility of such observational
studies. Additionally, a larger sample size is needed to definitively determine
whether NEATM modeling at near-IR wavelengths can robustly retrieve phys-
ical properties like pole orientation and thermal inertia.
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It is clear that any future near-IR-based study of thermal inertia and pole
orientation would require targets that span the widest possible range of phase
angles on either side of opposition. On any given night 4 , approximately 20% of
observable NEAs (V < 20, solar elongation > 60◦, galactic latitude > 20◦) are
at phase angles greater than 50◦. Some of this uncertainty could be resolved
by extending such phase dependent measurements to longer wavelengths, for
instance photometry at L- and M-bands (3.5 and 4.5 µm respectively) or in
the N- and Q-bands (∼ 10 and 20 µm respectively) which are closer to the
thermal emission peaks typical of NEOs. However, a systematic comparison
of NEATM results based on data in different wavelength regimes is needed
to more completely understand the limitations of this model. Extending mea-
surements to longer wavelengths would have a primary benefit of enabling
detection and modeling of thermal emission for any NEA, not just low albedo
objects like QE2 and FG3. A targeted spectro-photometric survey to monitor
phase-dependent thermal emission from select NEAs could produce an un-
precedented sample of spin vector orientations. Such a sample would provide
directs tests for models of NEA source regions in the Main Belt that depend
on spin orientation and the subsequent direction of semi-major axis drift due
to the Yarkovsky effect (e.g. Bottke et al., 2002).
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